Introduction
Thymidylate synthase (TS) is a widely studied enzyme responsible for the de novo synthesis of dTMP in most organisms. It has been extensively characterized structurally , chemically and kinetically (Carreras and Santi, 1995) as the free enzyme and in binary and ternary complexes with its substrates dUMP and CH 2 THF (CH 2 H 4 folate, methylene tetrahydrofolate) (Matthews et al., 1990b; Finer-Moore et al., 1993; Birdsall et al., 1996) , folate analog inhibitor CB3717 (Matthews et al., 1990a; Montfort et al., 1990) and products dTMP and DHF (dihydrofolate) (Fauman et al., 1994) . TS is a highly conserved enzyme across species with several catalytic site mutations retaining activity (Climie et al., 1990; Huang and Santi, 1994a) . In this aspect it is remarkable that the mutation E60Q (L.casei numbering) decreases the activity of the enzyme 760-10 000-fold in vitro and renders bacterial recombinants thy - (Zapf et al., 1993; Hardy et al., 1995) . The side chain of residue 60 is too far away from the substrate nucleotide for any direct interactions. In contrast, the only residue side chain which normally hydrogen bonds to the pyrimidine base, that of Asn229, has been found not to be necessary for catalysis (Liu and Santi, 1993a) and serves mainly for substrate nucleotide specificity (Liu and Santi, 1993b) .
The E60Q mutation (in the LCTS enzyme) does not greatly hinder substrate binding to the active site but is able to enhance (by 40-fold over the wild type enzyme) the folate independent dehalogenation of dUMP brominated or iodinated at the C-5 position of the pyrimidine, suggesting that in vitro an initial binary complex of TS with nucleotide orients the substrate dUMP to form a covalent adduct of nucleotide with the reactive thiol of active site residue Cys198. Therefore, substrate nucleotides are expected to bind normally to the E60Q mutant in crystal structures, as they do for wild type. K m for CH 2 H 4 folate is only slightly higher for E60 mutants, but the rate of formation of the covalent complex with FdUMP and CH 2 H 4 folate is much slower than in wild type TS (Zapf et al., 1993; Hardy et al., 1995) . TS-FdUMP-CH 2 H 4 folate is an analog of covalent intermediate III in the TS reaction (Figure 1a) , and the mechanism and rate of its formation parallel those of intermediate III. TS binds first FdUMP, and then CH 2 H 4 folate to form a rapidly reversible noncovalent complex, which converts to a covalent complex, where FdUMP is covalently bonded to the catalytic cysteine and CH 2 H 4 folate . The rate determining step in formation of TS-FdUMP-CH 2 H 4 folate occurs during conversion of the noncovalent complex to the covalent complex . E60 A, L and Q mutations allow for the accumulation of intermediate II to such an extent that it is readily isolated with SDS-PAGE (Huang and Santi, 1994b) . The wild type reaction occurs too quickly for this isolation; therefore, slow resolution of the covalent intermediate into products of the reaction (dTMP and DHF) suggests that E60 mutations uncover or highlight a rate determining step in the mutant TS reaction that occurs between the formation of the covalent intermediate and the reduction of the transferred methylene group (Huang and Santi, 1994b) . In sum, experimental evidence suggests that the cofactor binding site is not greatly impaired, but rates of both formation and, especially, breakdown of a covalent intermediate in the reaction are drastically affected by the mutations, and both effects contribute to reduction in k cat . The stereochemical mechanism of the breakdown of the ternary complex in TS is inaccessible by crystallography because analogs of intermediates in the breakdown have not been crystallized. We therefore focus on understanding effects of mutation on ternary complex formation.
To determine the mechanism by which the E60Q mutation slows formation of the covalent intermediate in L.casei TS, co-crystals of mutant enzyme binary complexes with dUMP and FdUMP (a nucleotide inhibitor mimicking the product dTMP) and co-crystals soaked with folate analog CB3717 ( Figure 1b ) were made and their X-ray crystal structures are presented here. Analogous Escherichia coli TS ternary complexes, with both ligands co-crystallized to wild type enzyme, revealed that these ligands can orient themselves within the active site in a manner that would be favorable for the initiation of catalysis, and that binding is accompanied by extensive conformational changes that close down the active site Matthews et al., 1990a,b; Montfort et al., 1990) . CB3717 binds to TS in an almost identical manner to CH 2 H 4 folate, and induces covalent bond formation between the catalytic cysteine and dUMP (Matthews et al., 1990b; Hyatt et al., 1997; ) . Thus, TS-dUMP-CB3717, like TS-FdUMP-CH 2 H 4 folate, is an analog of intermediate III, but with no covalent link between CB3717 and dUMP.
When CB3717 is soaked into binary complex crystals of L.casei TS, instead being of co-crystallized with the enzyme, the active site does not completely close down, and the covalent bond between the catalytic cysteine and dUMP is not usually formed. Therefore, our structures of ternary complexes prepared by soaking give a picture of bound ligands en route to the covalent analog of intermediate III. (Birdsall et al., 1996) help to reveal significant structural changes at the active site induced by the E60Q mutation. The co-crystal binary complex structure between the only active mutant at E60, E60D and dUMP, was also determined for comparison.
Materials and methods
The E60 mutants were constructed by cassette mutagenesis of the L.casei TS synthetic gene in plasmid pSCTS13 (Climie et al., 1990) . Wild type (wt) and mutant enzymes were purified by automated sequential chromatography on phosphocellulose and hydroxyapatite (Kealey and Santi, 1992) , and monitored by 12% SDS-PAGE and specific activity determinations (wt TS and TS E60D). Enzyme preparations were concentrated using Centriprep-30 concentrators (Amicon) and stored at -80°C in 10 mM KH 2 PO 4 , pH 7.0, 1 mM EDTA until use. TS activity was monitored at 340 nm (Pogolotti et al., 1986) in a standard assay buffer containing 50 mM TES, pH 7.4, 25 mM MgCl 2 , 6.5 mM formaldehyde, 1 mM EDTA and 75 mM β-mercaptoethanol. One unit of TS activity catalyses the formation of 1 mmol of dTMP per min in a 1 ml reaction mixture.
Tritium release from [5-3 H]dUMP was monitored by a decrease in the 3 H/ 14 C ratio of [2-14 C,5-3 H]dUMP during the course of the TS reaction. dTMP formation catalyzed by wild type TS was measured spectrophotometrically at 340 nm. dTMP formation for the E60Q mutant was measured by HPLC. The K d value of dUMP was determined by UV/visible difference spectroscopy as described . Binary complexes with wild type or E60Q TS enzymes were formed using 20 or 50 mM PLP and 2-3 mM protein in buffer containing 50 mM TES, pH 7.4 and 50 mM DTT. Dissociation constants for dUMP were obtained by competitive replacement of PLP by dUMP. TS-catalyzed dehalogenation of BrdUMP and IdUMP was monitored by the decrease in absorbency that accompanies dehalogenation (∆ε 285 ϭ 5320 M -1. cm -1 for BrdUMP or ∆ε 290 ϭ 6520 M -1. cm -1 for IdUMP) (Garret et al., 1979) . Reaction mixtures contained TES/DTT assay buffer (50 mM TES, pH 7.4, 25 mM MgCl 2 , 1 mM EDTA and 10 mM DTT), 3-200 µM BrdUMP or IdUMP, and 0.12-3 µM of wild type or E60Q TS.
Co-crystals of E60D/E60Q mutant L.casei TS-dUMP and TS-FdUMP binary complexes were grown in hanging drops at a pH range of 6.5 to 7.4 and concentrations of ammonium sulfate from 1 to 2% as described (Hardy et al., 1987) . The crystals were isomorphous with wild type. CB3717 (K i ϭ 1.1 nM) (Jones et al., 1981) was added to a final concentration of around 20 µM. Data collection was at room temperature on an RAXIS II image plate detector system mounted on a Rigaku rotating anode generator using CuKα X-rays. Data reduction was carried out using the RAXIS software (Higashi, 1990; Sato et al., 1992) .
The complex structures were solved by difference Fourier techniques (Chambers and Stroud, 1977) using protein phases (α calc ) from a highly refined wild type L.casei structure of TSdUMP . (Fo-Fo)α calc maps were calculated to detect significant changes in structure with respect to the wild type enzyme. These maps are an especially sensitive method of determining shifts in structure. In addition, the maps are independent of the refinement methods used to solve the mutant structures, and therefore indicate real differences, 
where F 2 (i) ϭ ith reflection intensity, ϽF 2 (h)Ͼ ϭ mean intensity of h, k, and l d (): percent of total reflections collected from 15 Å to 2.5 Å not differences in structure that may be artifacts of 'overrefinement'. Ligands were positioned in density in initial 2Fo-Fc maps. Inclusions of first dUMP and later CB3717 molecules were followed by successive rounds of positional and molecular dynamics refinements using X-PLOR (Brunger, 1992) , combined with manual rebuilding under the Frodo graphics program (Jones, 1985) and calculation of new 2Fo-Fc, Fo-Fc and simulated annealing 2Fo-Fc omit maps to confirm ligand positioning and side chain orientations. Inclusion of water molecules and refinement of individual thermal factors were done as last steps. Tables I and II give summaries of the data collection and refinement statistics.
Results

Structures of mutant binary complexes offer no obvious explanations for reduced activity E60Q-dUMP: similar to wild type
The nucleotide of the E60Q-dUMP complex binds in the normal way to the TS active site (Figures 2a and b) and there are no significant changes to the conformations of side chains in the active site cavity. Electron densities for most of the conserved water molecules between Gln60, Asn229 and Ser232, and between Gln60 and O-4 of dUMP, including Water 1, Water 5, Water 6 and Water C7, are present. Water C7 is proposed to discriminate between substrate and product binding, and to receive the C-5 proton of dUMP during breakdown of the ternary complex intermediate (Fauman et al., 1994) .
To most sensitively assess differences between wild type TS-dUMP and TS E60Q-dUMP we used direct difference maps with coefficients (Fo1-Fo2), where Fo1 and Fo2 are structure factor amplitudes from a reference and compared structure, respectively. Wild type TS-dUMP was not used as the reference structure for comparison with TS E60Q-dUMP since the cell constants for these two data sets were slightly different. Rather, we used the isomorphous structure for TS R179E-dUMP, which differs from wild type TS only in the vicinity of the phosphate binding site, 15 Å from Glu60 (FinerMoore et al., 1996a) . The structure of TS R179E-dUMP is identical to wild type TS-dUMP in the region surrounding the pyrimidine ring, and dUMP is bound in the same way, although its B-factors are approximately twice as high as in the wild type complex. The (Fo1-Fo2)α calc map shows negative density around dUMP, as expected, given the greater disorder or lower occupancy of dUMP in the TS R179E complex. Other features of the map reveal structural differences resulting from mutation of Glu60 that may provide clues to the reduced activity of TS E60Q (Figure 2c ). These changes are restricted to the solvent and side chains immediately surrounding the altered atom, Gln60 Nε2. One water hydrogen bonded to E60 Oε2 in TS R179E-dUMP is absent, and another is shifted and reduced in occupancy. Negative density around the side chain of Ser232 indicates it is better ordered in TS E60Q, while positive density around Asn229 indicates it is more disordered in TS E60Q. The changes in thermal motion of Ser232 and Asn229 may be accounted for by a shift of Water 5, which normally hydrogen bonds to both Ser232 Oγ and Asn229 Nδ2, to a position closer to Ser232 in the TS E60Q structure. In its refined position in TS E60Q, Water 5 does not hydrogen bond to Asn229. E60D-dUMP: change in functional water structure E60D represents the most conservative substitution at residue 60, and this mutant is still active in vivo. The crystal structure of TS E60D-dUMP shows that the dUMP binding site, conformation and thermal parameters are not affected by the mutation. However, unlike glutamine, aspartic acid is not isosteric with glutamic acid and the E60D mutation introduces greater changes to the protein structure (Figures 3a and b) . A direct difference map between wild type TS-dUMP and TS E60D-dUMP (Figure 3c ), which are isomorphous structures, shows pairs of positive and negative difference density peaks adjacent to several side chains in the neighborhood of the substitution, indicating changes in side chain position or conformation. These side chains include Trp82, which shifts to optimize its hydrogen bond to the shortened Asp60 side chain, Lys58, Trp63 and Ile81. The (Fo1-Fo2)α calc map also shows that Water 5 is absent in the mutant complex and Water 6 has moved closer to Ser232 Oγ, so that it cannot form a hydrogen bond to Asp60. There are no difference density peaks above noise level at the site of Water 1 and Water C7, indicating these functionally important waters are conserved after mutation. Although the (Fo1-Fo2)α calc map indicates Water 1 is present, density for this water was diffuse in (FoFc)α calc maps, consistent with its high B-factor in both wild type and mutant binary complex structures, and it was not included in the refinement.
Ternary complexes indicate difficulty with alignment of substrates after activation of cofactor in the E60 mutants E60Q-dUMP-CB3717: lack of interactions between dUMP and Asn229
When CB3717 is allowed to diffuse into co-crystals of E60Q-dUMP, the resulting complex structure shows that the pyrimidine of dUMP has shifted farther from Asn229 and Gln217 and (a) (Fo-Fc)α calc ligand/water omit electron density map at 1.5 σ for E60Q-dUMP. Ligands and water molecules were removed and the protein subjected to positional refinement before calculation of the difference density maps. Waters are depicted as solid spheres. All map figures were made using the graphics programs CHAIN (Sack, 1988) or FRODO (Jones, 1985) together with MOLSCRIPT (Kraulis, 1991) . (b) Active site interactions for E60Q-dUMP. Figures 2b, 3b, 4b , 5b and 6b and 7 were made under the Midas display system (Ferrin et al., 1988; Huang et al., 1991) . (c) Direct (Fo1-Fo2)α calc difference electron density map comparing R179E-dUMP (Fo1, light bonds) to E60Q-dUMP (Fo2, dark bonds), where positive density is contoured at -3.0 σ with dashed lines and negative density is contoured with solid lines at 3.0 σ. R179E TS-dUMP is essentially the same as wild type TS-dUMP except in the immediate vicinity of the phosphate, and in the higher B-factor (or lower occupancy) of dUMP (Finer-Moore et al., 1996a) . The map was calculated using the data from R179E TS-dUMP because the corresponding unit cell was isomorphous to that of E60Q TS-dUMP.
closer to Cys198, promoting covalent bond formation between C-6 of the pyrimidine base and Sγ of Cys198 (Figures 4a and  b) . The shift of the nucleotide was not observed for the corresponding wild type complex (Birdsall et al., 1996) . The movement of the nucleotide prohibits normal hydrogen bonding between the pyrimidine base and the Asn229 side chain.
The (Fo1-Fo2)α calc difference map between wild type TSdUMP and the TS E60Q diffusion ternary complex ( Figure  4c ) showed extensive small changes in the ordered waters and side chain positions surrounding dUMP. This result is in contrast with the difference maps for the binary complexes of the E60 mutants, which indicated changes only in the immediate vicinity of the mutation. Specific changes shown in the map include reduction in occupancy of Water 1 and Water 5, greater disorder of the carboxamide group of Asn229, a shift and increase in disorder of dUMP, and the appearance of a new water in the normal binding site for the dUMP base, hydrogen bonded to Asn229. In addition, shifts in dUMP binding residues Cys198, His199, His259 and Tyr261 can be detected that track the shift in dUMP. The shifts in the side chains of the dUMP binding residues were not merely an accommodation to CB3717 binding since they were also detected in difference maps between wild type and E60Q diffusion ternary complexes, but not in difference maps between wild type binary and ternary complexes.
The ligands and water molecules were fit to (Fo-Fc)α calc 175 and (2Fo-Fc)α calc density. Density for Water 1 was weak, and that for Water 5 was absent in the (Fo-Fc)α calc maps, in agreement with the (Fo1-Fo2)α calc difference map. In its refined position, the quinazoline moiety of CB3717 stacks up against the pyrimidine base, but because of the shift of the nucleotide, C-5 of the quinazoline is much further (5.2 Å) from C-5 of dUMP than in wild type TS ternary complexes (3.6 Å). In the crystal structure of wild type E.coli TS-FdUMP-CH 2 H 4 folate (Matthews et al., 1990b; Hyatt et al., 1997) there is a covalent bond between the C-5 methylene of the CH 2 H 4 folate and C-5 of dUMP. The nucleotide position in our ternary complex, therefore, is not optimal for catalysis, even though it favors covalent bond formation to Cys198, because of misalignment of the dUMP pyrimidine with the folate analog. The CB3717 propargyl group runs between Gln60 and Asn229, while for wild type complexes it points towards Phe228 (Matthews et al., 1990a) or towards the pyrimidine (Birdsall et al., 1996) at an angle of 39°from the other (mutant complex) location. The propargyl moiety plays a major role in CB3717 binding since the equivalent folate analogs utilizing the 10-propyl group (CB3715) and the 10-allyl group (CB3716) have much lower binding affinity for TS (Jones et al., 1981) . CH 2 H 4 folate has a 4-fold decrease in binding affinity for the mutant over the wild type enzyme. The glutamate moiety of CB3717 in the mutant complex lies farther from Lys50 than observed in wild type complexes.
Partial occupancy of the cofactor 'docking site' by the CB3717 quinazoline in E60Q ternary complex
Omit maps for the ligands (Figure 4a ) and difference electron density suggest partial occupancy of the quinazoline of CB3717 at a second binding site. The second site is equivalent to the binding site for the pterin of CH 2 H 4 folate in a wild type enzyme substrate complex in which CH 2 H 4 folate was bound with a closed imidazolidine ring, that is, before the conversion of the cofactor to the reactive iminium ion (Birdsall et al., 1996) . In contrast to the alternate binding site for the CB3717 quinazoline observed in the co-crystallized E.coli ternary complex with an oxidized Cys198 side chain , we proposed the pterin alternate site in the L.casei TS complex to be the initial docking site for cofactor (Birdsall et al., 1996) . The limited data to parameter ratio in the X-PLOR refinement, and the diffuseness of the density in the omit maps precluded refinement of both conformations of the cofactor in partially occupied sites.
E60Q-FdUMP-CB3717: a greater shift in nucleotide position
For the E60Q-FdUMP-CB3717 ternary complex structure (Figures 5a and b ) the nucleotide has shifted even farther from the Asn229 side of the active site cavity than for the E60Q-dUMP-CB3717 complex, preventing any direct interactions between the pyrimidine base and Asn229. Yet, the FdUMP base is oriented in such a way as to also prevent its covalent attachment to Cys198, with C-6 of FdUMP 4.5 Å from Cys198 Sγ. This is consistent with the result of Zapf et al. (1993) that, in contrast to wild type TS, addition of CH 2 H 4 folate to E.coli TS E60Q-FdUMP complexes does not enhance covalent bond formation to Cys198.
(Fo1-Fo2)α calc maps indicate similar shifts in the dUMPbinding side chains of His199, His259 and Tyr261, as seen for the TS E60Q-dUMP-CB3717 complex, as well as the appearance of the new water hydrogen bonded to Asn229 and O-2 of the pyrimidine base. This water occupies the space for the wild type TS binding site of dUMP C-2. In the refined structure, there is no overlap of the quinazoline and pyrimidine ring systems and the propargyl group points directly towards Gln-60. The shift of the nucleotide allows the quinazoline to move deeper into the active site cavity, and the C-terminus of this complex has moved noticeably farther into the active site than for the E60Q-dUMP-CB3717 complex. Compared with the corresponding dUMP complex there is less evidence of alternate site binding of the CB3717 quinazoline moiety.
E60D-dUMP-CB3717
Attempts were made to obtain a ternary complex with the E60D mutant, but in this case the soaking of CB3717 into E60D-dUMP binary co-crystals degraded their diffraction qualities to such an extent that only limited resolutions could be achieved. A proper alignment of CB3717 within the active site of the E60D mutant would favor the suggestion that the structural nature of its catalytic activity is similar to wild type. However, since k cat is most affected by reaction steps past the formation of ternary covalent intermediate III, structures not covered by our analyses, the observation of a suboptimal orientation for CB3717 in E60D in the crystal structure is still possible without contradicting the fact of its in vivo activity. Current low resolution structures for the E60D ternary complex suggest misalignment of ligands in the active site (data not shown).
E60Q-FdUMP: shifting of the pyrimidine in a binary complex
The structure of the TS E60Q-FdUMP complex was deter-177 mined to help interpret kinetic data for debromination of 5-bromo-dUMP in the absence of folate by the E60 mutants. FdUMP differs from 5-bromo-dUMP only by a fluorine at the 5-bromine position, and its complex with TS can be used as an analog of the intermediate in the debromination reaction. The structure of the E60Q-FdUMP complex (Figures 6a and  b) shares major features with the E60Q-dUMP-CB3717 and E60Q-FdUMP-CB3717 complexes. The nucleotide orientation is shifted somewhat from that of wild type and makes no direct hydrogen bonds to Asn229. Density near and around O-2 of the pyrimidine in (2Fo-Fc) maps, and in (Fo1-Fo2) maps comparing wild type TS-dUMP to TS E60Q-FdUMP, suggests a partially occupied water molecule may mediate novel hydrogen bond interactions between O-2 and the Asn229 side chain. The side chain of Leu195 bends away from the pyrimidine as if to make space for movement of the pyrimidine. This further suggests that Leu195 may help influence nucleotide positioning (Birdsall et al., 1996) . Water 1 is not well-ordered within the active site, perhaps related to the nucleotide shift. We have not yet determined the structure of the wild type TSFdUMP complex. Therefore, it is difficult to determine if the movement of the pyrimidine is due to the presence of the F-5 atom or indirectly caused by the E60Q mutation.
Discussion
Honing in on the effects of E60 mutation on the stereochemical mechanism
It is striking that a single, atomic mutation relatively far from substrate ligands can result in an almost complete loss of catalytic activity for an enzyme. Residues Asn229 and Cys198 are the only amino acids from the wild type enzyme whose side chains directly interact with the nucleotide base. Cys198 has a fundamental role in catalysis, namely activation of C-5 of dUMP prior to methylation. Asn229 helps determine substrate specificity since it is used to exclude most pyrimidine nucleotides in favor of the appropriate substrate (Hardy and Nalivaika, 1992; Liu and Santi, 1992; Liu and Santi, 1993b; Finer-Moore et al., 1996b) . However, Asn229 is not as important in terms of effects on k cat /K m as is Glu60, any mutation of which cuts down the catalytic rate by a factor of 10 -4 or less (Liu and Santi, 1993a; Huang and Santi, 1994b) . The single exception is that of E60D, which preserves the charge on residue 60, for which catalysis is only 10 -2 fold reduced.
The TS reaction involves several steps (Stroud and FinerMoore, 1993 ) and the mutation of Glu60 affects several of these (Table III) . Our approach to understanding the effects of mutation is to determine structures that are analogs of reaction intermediates, and compare changes in these structures (with respect to the wild type enzyme) to alterations in functional assays of steps in the reaction. The structures we report here are analogs of intermediates in the first half of the reaction (Figure 1a) , binary substrate complexes and ternary nucleotidefolate analog complexes. They provide insight into the initial stages of the reaction, namely the role of Glu60 in substrate and cofactor binding, and alignment of substrates in a productive orientation for covalent bond formation with the enzyme and with each other.
By soaking cofactor into TS-dUMP crystals, we produce ternary complexes in which the open, apo-conformation of the enzyme is largely maintained (except for movement of the C-terminus into the active site) and no covalent bond forms between enzyme and substrate (Birdsall et al., 1996) . Thus we obtain a snapshot of intermediate III just before covalent bond formation, and view alignment of ligands before these covalent bonds are formed. These structures reveal new and different information than structures of ternary complex co-crystals, in which orientation of ligands is constrained by covalent bond between the catalytic cysteine and dUMP. Thus, the co-crystal structure of the analogous E.coli TS E58Q-dUMP-CB3717 complex shows that the end result of ternary complex formation looks very similar in wild type and mutant enzymes (Sage et al., 1996) . Our structures indicate that the process of binding and alignment of cofactor prior to formation of covalent bonds is significantly different in E60Q and wild type L.casei TS.
The misalignment of ligands in TS E60Q-dUMP-CB3717, and possibly also in TS E60D-dUMP-CB3717, is in contrast to the wild type mode of substrate binding in binary complexes of TS E60Q and E60D, and in the ternary complex of E.coli TS E58(60)Q (Sage et al., 1996) , and pinpoints a defect in the stereochemical mechanism after activation (ring opening) and before formation of covalent intermediate III. The functional effects of these perturbations in structure are an extremely slow rate of formation of TSFdUMP-CH 2 H 4 folate (Zapf et al., 1993; Hardy et al., 1995) , and by analogy, covalent intermediate III, for both E58(60)Q and E58(60)D. This may contribute to the reduced rate of tritium release from C5-labeled dUMP (Table III) , which occurs after formation of intermediate III. The 40-fold difference in k cat between E60D (6.5ϫ10 -2 s -1 ) and E60Q is largely the result of differences in the rates of breakdown, not formation, of intermediate III (Hardy et al., 1995) . Therefore, the perturbed alignment of ligands in the ternary complex structures of both mutants is consistent with kinetic data.
By comparing the rates of tritium release for E.coli TS E58(60)Q using first CH 2 H 4 folate, then H 4 Folate, which lacks an imidazolidine ring, Hardy and co-workers implicated Glu58(60) in the step of ring opening and activation of CH 2 H 4 folate, but showed this could not fully account for the reduced rate of tritium exchange (Hardy et al., 1995) . Our result demonstrates that a second step, going from bound and activated cofactor to covalent intermediate, is also perturbed by the E60Q mutation. We attribute the effects on the second step not only to perturbations of alignment of ligands, but also to weak or absent hydrogen bonding between Water 1 and dUMP O-4 (Sage et al., 1996) . Hydrogen bonding between Water 1 and dUMP O-4 is thought to stabilize an incipient negative charge at dUMP O-4 during covalent addition of dUMP C-6 to Cys198 (Carreras and Santi, 1995) .
Intermediate III is destabilized by Glu60 mutation
In both L.casei TS E60Q-dUMP-CB3717 and in E.coli TS E58(60)Q-dUMP-CB3717 the ligands are more disordered than in the analogous wild type complexes. In both structures, density in the active site region suggests that the cofactor occupies two partially occupied discrete positions in the crystal. Most striking, in the E.coli complex the cofactor is primarily in the alternate, nonproductive conformation in one of the two active sites in the dimer (Sage et al., 1996) (Birdsall et al., 1996) .
How does a single atom change affect the stability and rates of formation of intermediates?
Glu60 is an intimate part of the hydrophobic core of the protein, making van der Waals contacts with hydrophobic residues Trp63, Phe64, Ile81, Trp82 and Phe228. It also forms part of the ceiling of the active site cavity: its carboxyl group, partially exposed in the apo-enzyme, is buried after ligand binding. In E.coli TS-dUMP-CB3717, an analog of covalent intermediate III (Figure 1a ), Glu60 Oε1 is in van der Waals contact with the N10-propargyl group of CB3717. The propargyl substituent contributes to the tight binding of CB3717 and is not present in CH 2 H 4 folate. Three of the hydrophobic residues in van der Waals contact with Glu60, Ile81, Trp82 and Phe228, line the cofactor binding site. Glu60 also contacts the important dUMP binding residues Asn229 and His199 by means of conserved, ordered waters. The E60Q mutation possibly perturbs these hydrophobic and electrostatic contacts ( Figure  7) . Given its integral role in the active site cavity, and in maintaining the conformation of ligand binding residues during the conformational transitions of the TS reaction, it is not surprising that even conservative mutations of Glu60 affect the rate of formation and relative stability of reaction intermediates. In an analogous example, internal mutations of lysozyme destabilize the folded enzyme, favoring a partially unfolded state, and leading to formation of the alternate structure seen in amyloid fibrils (Booth et al., 1997) .
Possible mechanisms for transmitting the effects of Glu60 mutation to the active site may be deduced from the structural changes in TS E60Q-dUMP relative to wild type TS-dUMP. Substitution of the hydrogen bond acceptor Oε2 by a hydrogen bond donator, Nε2, with more restrictive hydrogen bonding geometry, results in a change in the ordered waters around E60 Nε2. The altered water structure weakens the water-mediated hydrogen bonds between Gln60 and Asn229 resulting in greater mobility of the Asn229 carboxyl group, as shown in the direct difference map (Figure 2c ). The less effective tethering of Asn229 by Gln60 
182
Effects of Glu60 mutation on activation of C-5 of dUMP for catalysis
The E60Q mutation does not appear to inhibit covalent attachment of nucleotide to protein in binary complexes. On the contrary, dehalogenation of 5-Br-dUMP (dUMP brominated at the C-5 position), a reaction used to assay covalent binary complex formation and C-5 activation independent of cofactor, is actually enhanced by mutation of Glu60 to Gln (Table III) . This result proves that the nucleophilicity of Cys198 is not affected by mutation of Glu60. The loss of a negative charge at residue 60 might (via long range electrostatic effects) promote the formation of the negative Br -ion during the dehalogenation. Alternatively, the looser binding site might allow increased access to C-5 (of dUMP) of the required dithiothreitol for the dehalogenation reaction (Garret et al., 1979) . Indeed, L.casei TS activity in Glu60 mutants can be rescued by the inclusion of simple organic acids, such as formate or acetate, to high concentrations which may take advantage of an altered active site volume or shape (Huang,W., personal observations).
The structure of 5-F-dUMP bound to TS E60Q is an analog of an intermediate in the debromination reaction. 5-F-dUMP, like 5-Br-dUMP, has a halogen substituent at C-5 of the pyrimidine ring. It binds TS E60Q at a nearly optimal distance and orientation for covalent attachment of nucleotide base to Cys198. In the crystal structure, the distance between Cys198 Sγ and 5-F-dUMP C-6 is 3.6 Å, compared with 3.4 Å in the wild type TS-dUMP complex. When the side chain of Cys198 is modeled in one of its most favored conformations (Ponder and Richards, 1987) , which is slightly rotated from the crystallographically refined conformation, the distance between Cys198 Sγ and 5-F-dUMP C-6 is 3.6 Å, and the C6-Sγ bond is almost perpendicular to the pyrimidine ring: 5-F-dUMP N1-C6-C198Sγ ϭ 84°, C198 Cβ -Sγ-5-F-dUMP C6 ϭ 108.1°. Therefore 5-F-dUMP is almost ideally oriented for covalent attachment to Cys198. At the same time, relative to dUMP in the wild type TSdUMP structure, the 5-F-dUMP base is rotated about 25°a nd translated away from Asn229. The cyclic hydrogen bond network made between Asn229 and dUMP in wild type TS is absent in the 5-F-dUMP complex with E60Q. Instead, a new water molecule hydrogen bonds to the fluorine substituent. In sum, the pyrimidine ring of 5-FdUMP is less constrained when bound to TS E60Q than the pyrimidine ring of dUMP in the wild type TS-dUMP structure, and this is consistent with its being more accessible to dithiothreitol. Whether this explains the increase in rate of debromination in the E60 mutants depends on whether the shift of the 5-halogenated-dUMP is the result of the E60 mutation, or of the C-5 substituent. The structure of 5-F-dUMP bound to wild type TS has not yet been determined for comparison.
Glu60 in TS has been mutated by several groups to investigate its role in electrostatic or hydrogen bond stabilization during dUMP methylation (Zapf et al., 1993; Huang and Santi, 1994a; Hardy et al., 1995) . Our crystallographic results show that even conservative mutations of this internal residue, besides affecting these factors, also have a detrimental effect on ligand alignment. These effects likely contribute to reductions in k cat /K m in the mutants.
